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Abstract: Growing evidence indicates brain inflammation has been involved in the genesis 
of seizures. However, the direct effect of acute inflammation on neuronal circuits is not well 
known. Lipopolysaccharide (LPS) has been used extensively to stimulate brain inflammatory 
responses both in vivo and in vitro. Here, we observed the contribution of inflammation induced 
by 10 Hg/mL LPS to the excitability of neuronal circuits in acute hippocampal slices. When 
slices were incubated with LPS for 30 minutes, significant increased concentration of tumor 
necrosis factor a and interleukin 1 (3 were detected by enzyme-linked immunosorbent assay. 
In electrophysiological recordings, we found that frequency of epileptiform discharges and 
spikes per burst increased 30 minutes after LPS application. LPS enhanced evoked excitatory 
postsynaptic currents but did not modify evoked inhibitory postsynaptic currents. In addition, 
exposure to LPS enhanced the excitability of CAl pyramidal neurons, as demonstrated by a 
decrease in rheobase and an increase in action potential frequency elicited by depolarizing 
current injection. Our observations suggest that acute inflammation induced by LPS facilitates 
epileptiform activity in vitro and that enhancement of excitatory synaptic transmission and 
neuronal excitability may contribute to this facilitation. These results may provide new clues 
for treating seizures associated with brain inflammatory disease. 

Keywords: lipopolysaccharide, hippocampus, inflammation, epileptiform activity, synaptic 
transmission, neuronal excitability 

Introduction 

Brain injuries such as trauma, stroke, and infection are often associated with acute 
occurrence of seizures.'-^ Ahhough the underlying mechanism remains unclear, accu- 
mulating clinical and experimental evidence has suggested that inflammatory processes 
involved in these injuries may contribute to the genesis of seizures.^ Traditionally, the 
brain has been considered an immunoprivileged organ because of the presence of the 
blood-brain barrier and the lack of a conventional lymphatic system. Nevertheless, 
both the innate and adaptive immune responses are readily evoked within the brain after 
varied injuries. Resident cells in brain parenchyma such as microglia, astrocytes, and 
neurons can respond to these stimuli and create inflammatory molecules. In addition, 
peripheral immune cells extravasating from cerebral vascular can also produce inflam- 
matory media and aggravate inflammatory surroundings.'' These inflammatory media- 
tors, including tumor necrosis factor a (TNF-a), interleukin 1(3 (IL-IP), nitric oxide 
(NO), and reactive oxygen species, are reported to increase cellular excitability.^ ' 

In animal experiments, lipopolysaccharide (LPS), a major component of the outer 
membrane of gram-negative bacteria, has been used extensively in investigating 
mechanisms of brain inflammation both in vivo and in vitro. Mainly in microglia,** by 
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the stimulation of toll-like receptor 4 LPS results in the induc- 
tion of transcriptional factors such as nuclear factor kB, which 
trigger various proinflammatory genes such as those encoding 
cytokines, chemokines, proteins of the complement system, 
and inducible nitric oxide.'"'' Furthermore, LPS induces a 
rapid glutamate (a major excitatory neurotransmitter in brain) 
release in rat cortex slices, which may lead to an imbalance 
between excitation and inhibition in the neuronal circuit." 
In vivo, previous studies showed that LPS intraperitoneal or 
intracerebroventricular injection enhanced seizure susceptibil- 
ity through increasing IL- 1 [3, cyclooxygenase 2, NO, or pros- 
taglandins in different epilepsy models.'^ However, little is 
known about the direct effects of the acute application of LPS 
on epileptiform activity, synaptic strength, and neuronal excit- 
ability in vitro and the possible underlying mechanisms. 

In the electrophysiology of seizure, an imbalance between 
excitation and inhibition is thought to mediate seizure activ- 
ity. Increased excitation and/or decreased inhibition can 
induce the initiation of a seizure. Neuronal excitability and 
synaptic transmission are both involved in maintaining this 
balance."" " Therefore, in the present study, we focused on 
the effects of acute inflammation induced by LPS on the 
epileptiform discharges, neuronal excitability, and synaptic 
transmission in hippocampal slices. 

Materials and methods 

Slices preparation 

All procedures used were in accordance with the National 
Institutes of Health Guide for the Care and Use of Laboratory 
Animals and were approved by the Fourth Military Medical 
University Animal Care Committee. Sprague-Dawley rats 
(14-17 days old) were anesthetized with chloral hydrate 
(400 mg/kg intraperitoneally) and decapitated. Brain was 
removed rapidly, and transverse 400 |J,M hippocampal slices 
were obtained with a Vibratome 1,000 plus (Vibratome 
Company, St Louis, MO, USA) in ice-cold oxygenated 
(95% 0/5% CO,) artificial cerebrospinal fluid (ACSF) 
containing (inmM) 125 NaCl, 3 KCl, 2.4 CaCl^, 1.2 MgCl„ 
26 NaHC03, 1 .25 NaH^PO^, and 10 glucose at pH 7.4 when 
gassed with 95% O^ and 5% CO^. In Mg^^-free ACSF, MgCl, 
was omitted, and the concentration of NaCl was adjusted to 
126 mM for stable osmolarity. Slices were transferred to a 
holding chamber and incubated in oxygenated ACSF for at 
least 1 hour before electrophysiological recording. 

All chemicals, unless otherwise stated, were obtained 
from Sigma-Aldrich Co. (St Louis, MO, USA). LPS 
(Escherichia coli serotype 055:35) was prepared in 
18 MQ water and added to ACSF as needed. The final 



concentration of LPS used was 10 |J,g/mL. This concentra- 
tion was chosen because it was previously used in acute 
brain hippocampal slices in vitro. 

Enzyme-linked immunosorbent assay 

After being incubated in oxygenated ACSF for 1 hour, 
slices were transfeiTed to 12 multiwell plates and treated 
with 10 |J.g/mL LPS for 30 minutes. The treated slices and 
untreated control slices were homogenized and centrifuged 
at 8,000 rpm for 15 minutes at 4°C. The supernatant was 
collected for subsequent analysis of cytokine concentration. 
Commercially available enzyme-linked immunosorbent 
assay kits for IL-ip and TNF-a were used according to the 
manufacturer's instructions (Westang Bio-tech Co, Ltd, 
Shanghai, People's Republic of China). 

Electrophysiological recordings 

Slices were transferred to an immersion recording chamber 
and perfused with oxygenated ACSF continuously (flow rate, 

1- 2 mL/minute). Patch electrodes were pulled by a electrode 
puller (model P-97; Sutter Instrument Company, Novato, 
CA, USA) and had a resistance of 3-5 MQ when filled with 
the internal solution that contained (inmM) 120 K-gluconate, 
20 KCl, 0.2 ethylene glycol tetraacetic acid, 10 HEPES (N- 

2- hydroxyethylpiperazine-N-ethane-sulphonicacid), 2 MgCl^, 
4 Na^-ATP (adenosine triphosphate), 0.3 Tris-GTP (guanos- 
ine triphosphte), and 7 phosphocreatine at pH adjusted to 
7.2-7.3 with KOH. Whole-cell recordings of hippocampal 
CAl pyramidal neurons in the current- or voltage-clamp 
modes were performed with a Multi-Clamp 700B amplifier 
(Axon Instruments, Union City, CA, USA) in all electro- 
physiological experiments. Epileptiform discharges were 
induced with 100 |J,M 4-aminopyridine (4-AP) added to 
Mg-+-free ACSF. Synaptic responses were evoked by Schaf- 
fer collaterals stimulation through a pair of Elgiloy electrodes 
(Elgin Specialty Metals, Elgin, ILL, USA) placed in the 
stratum radiatum near the border of the C A 1 pyramidal layer. 
Stimuli were single delivered at 0.033 Hz via an isolated pulse 
stimulator (model 2100; AM System Inc, Billerica, MA, 
USA), and stimulation intensity (0. 1 ms, 50-200 |J,A) was 
adjusted to produce evoked excitatory postsynaptic current 
(cEPSC) or evoked inhibitory postsynaptic current (elPSC) 
amplitudes that were 60%-70% the maximal responses in 
voltage-clamp experiments. Membrane potential was held 
at -70 mV for recording cEPSCs and -40 mV for elPSCs. 
For elPSC recording, glutamatergic a-amino-3-hydroxy- 
5-methyl-4-isoxazolepropionic acid andN-methyl-D-aspartate 
receptor antagonists (6,7-dinitroquinoxaline-2,3-dione, 
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20 jiM; aminophosphonovaleric acid, 50 |J,M) were added to 
ACSF; for eEPSCs recording, y-aminobutyric acid type A 
receptor antagonist (Pierotoxin, 100 |j.M) was added. Action 
potential frequency was calculated in response to a series of 
current steps 1 second in duration ( 1 0 pA per step, 0-200 pA) . 
Neuron was rejected if the resting membrane potential was 
more positive than -60 mV or if action potential amplitude 
was less than 60 mV. Data were filtered at 2 KHz and trans- 
ferred to the hard disk of a Dell computer (Round Rock, 
TX, USA). The software pCLAMP 10.0 (Axon Instruments, 
Union City, CA, USA) was used for data analysis offline. 

Statistics 

SPSS 16.0 (IBM Inc, Chicago, IL, USA) for Windows was 
used for statistical analysis. Data were expressed as mean + 
standard deviation. Statistical significance was assessed using 
paired-sample Student's /-test or two-factor (current and treat- 
ment) analysis of variance for electrophysiological recordings 
and independent-samples Student's /-test for cytokine concen- 
tration. _P<0.05 was considered statistically significant. 

Results 

LPS induces significant increased 
concentration ofTNF-a and IL-I(3 
in brain slices 

After treatment with LPS for 30 minutes, there was a signifi- 
cantly increased level of IL- 1 [3 in brain slices compared with 
in untreated slices (LPS, 67.2+10.43 pg/mg, versus control. 



38.6+10.67 pg/mg; n=5; P<0.01; Figure lA). Exposure 
to LPS for 30 minutes also elevated TNF-a concentration 
in brain slices (LPS, 30.4+7.96 pg/mg, versus control, 
13.8+4.60 pg/mg; n=5; P<0.01; Figure IB). These results 
suggest that LPS induced inflammatory response in brain 
slices. 

LPS facilitates epileptiform discharge 
induced by Mg-freeACSF plus 4-AP 

Under current-clamp conditions, slices were perfiised with 
100 jlM 4-AP + Mg^+-free ACSF to induce epileptiform 
discharges. For hippocampal CAl pyramidal neurons of 
rat in vitro, epileptiform discharges were characterized by 
spontaneous depolarization and bursts with multiple action 
potentials (Figure 2A), in agreement with a previous report." 
After about 10 minutes of stable epileptiform discharge 
recording, LPS was added. The counts of spontaneous 
bursts and spikes during bursts in 5 minutes were calculated 
before and 30 minutes after infusion of LPS. LPS statisti- 
cally strengthened the frequency of epileptiform discharges 
(4-AP, 26.38+5.04, versus LPS, 45.38+6.74; n=8; P<0.001; 
Figure 2B and D) and also increased the number of spikes 
per burst (control, 5.01+0.95, versus LPS, 9.58+0.59; n=8; 

0.001; Figure 2E and F). After a 30 minute washout 
with 100 jlM 4-AP + Mg^+-free ACSF, the augmentation of 
burst (LPS, 45.38±6.74, versus washout, 43.26+5.23; n=8; 
P>0.05) and spikes per burst (LPS, 9.58+0.59, versus wash- 
out, 10.1 6+0.5 1 ; n=8; P>0.05) remained. These data suggest 
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Figure I Exposure to 1 0 ^g/mL lipopolysaccharide (LPS) for 30 minutes elevated interleukin (IL)- 1 p (A) and tumor necrosis factor {TNF)-a (B) concentration in brain slices. 
Note: ^^Significant difference {P<O.OI; n— 5; independent samples Student's t-test). 



Neuropsychiatric Disease and Treatment 2014:10 



submit your manuscript | www.dovepress.com 

Dovepress 



1491 



Gao et al 



Doveoress 




4-AP 



50 mV 
3 minutes 




4-AP 4-AP + LPS 4-AP 4-AP + LPS 



Figure 2 Lipopolysaccharide (LPS) facilitated epileptiform discharges. 

Notes: (A) Mg-free artificial cerebrospinal fluid plus 4-aminopyridine (4-AP) induced epileptiform discharges in hippocampal CAI pyramidal neurons. (B) LPS facilitated 
epileptiform activity: the facilitation remained 30 minutes after LPS washout. (C) Representation of the epileptiform discharges induced by Mg-free artificial cerebrospinal fluid 
plus 4-AP (Left) and 30 minutes after 10 jlg/mL LPS added (Right). (D) Summary data {n-8) showed that LPS added after 30 minutes increased the burst counts in 5 minutes 
recording. (E) Expanded burst marked with black squares in (C). Notably, both frequency of burst and number of spikes per burst were increased after LPS application. 
(F) Summary data (n-8) showed mean counts of spikes per burst recorded in the control condition and 30 minutes after 10 ^g/mL LPS was added. ***Significant difference 
(P<O.OOI; paired-sample Student's t-test). Current clamp recordings were performed in hippocampal CAI pyramidal neurons. Holding potential was -70 mV. 



LPS facilitates epileptiform activity in hippocampal CAI 
pyramidal neurons in vitro. This effect has been maintained 
for at least 30 minutes after LPS washout. 

LPS enhances eEPSCs and does 
not modify elPSCs 

To explore the underlying mechanisms mediating the facili- 
tated epileptifom activity induced by LPS, we observed 
the effects of LPS on excitatory and inhibitory synaptic 
transmission. eEPSCs were recorded by stimuli of Schaffer 
collaterals in voltage-clamp mode. After 10 minutes, baseline 



was recorded and slices were perfused with LPS-containing 
ACSF. There was a significant increase in cEPSC amplitudes 
30 minutes after LPS application (193.75%+31.98% control; 
n=5; P<0.01; Figure 3A and C). In addition to enhanced 
excitatory synaptic transmission, decreased inhibitory syn- 
aptic transmission may contribute to genesis of seizure. 
Therefore, we recorded elPSCs to assess the change of 
inhibitory synaptic transmission. In this proceeding, holding 
potential was -40 mV to enlarge the amplitude of elPSCs. 
Perfusion with ACSF containing LPS had no effects on 
inhibitory synaptic transmission. The difference between 
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Figure 3 Lipopolysaccharide (LPS) enhanced evoked excitatory postsynaptic 
currents (eEPSCs) but did not modify evoked inhibitory postsynaptic currents 
(elPSCs) in hippocampal CAI pyramidal neurons. 

Notes: Representative traces of eEPSC (A) and elPSC (B) recorded in artificial 
cerebrospinal fluid (black lines) and 30 minutes after lipopolysaccharide was added 
(gray lines) under voltage clamp. Summary data depicted mean eEPSC (C) and elPSC 
(D) peak amplitudes in control conditions and in the presence of lipopolysaccharide 
(n— 5). **Significant difference (P<O.OI; paired-sample Student's t-test). Holding 
potential was -70 mV for recording eEPSCs and -40 mV for elPSCs. 
Abbreviation: ms, millisecond. 

elPSC amplitudes in control slices and slices bathed with 
ACSF containing LPS for 30 minutes was not significant 
(103.38%+10.87% control; n=5; P>0.05; Figure 3B and D). 

LPS enhances the excitability 

of hippocampal CAI pyramidal neurons 

In addition to synaptic mechanisms, the facilitated epileptiform 
discharges by LPS may also be attributed to the increased 
excitability of hippocampal CAI pyramidal neurons. To 
address this issue, we compared the responses evoked by 
incremental strength of injected depolarizing currents in 
ACSF with those elicited by identical currents in ACSF 
containing LPS. After a 30 minute application of LPS, the 
frequency of action potential was increased when injected 
currents were 90-200 pA (Figure 4A and B). LPS significantly 
increased action potential frequency compared with control 
(F[\, 14]=54.35; P<0.001; two-way analysis of variance; 
Figure 43). There was a significantly decreased rheobase 
current amplitude (control, 100+17.73 pA, versus LPS, 
78.75+25.88 pA; P<0.05; n=8; paired-sample Student's t-test) 
after LPS was added (Figure 4C). LPS did not change the ampli- 
tude (control, 81.09+9.21 mV, versus LPS, 82.45+5.12 mV; 
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Figure 4 Lipopolysaccharide (LPS) enhanced excitability of hippocampal CAI 
pyramidal neurons. 

Notes: (A) Representative traces showed neuronal responses to a 190 pA depolar- 
izing current for I second in control artificial cerebrospinal fluid (Left) and 30 minutes 
after LPS was added (Right). Note the enhanced neuronal excitability in the presence 
of LPS. (B) Graph of action potential (AP) frequency shown in mean ± standard 
deviation for control condition and LPS exposure. The mean action potential frequency 
significandy increased after LPS exposure. ^'^Significant differences (P<0.05 and P<0.0 1 , 
respectively) compared LPS with control conditions. (C) Reduction of rheobase was 
significant 30 minutes after LPS application (P<0.05; n— 8; paired-sample Student's 
t-test). (D) Representative traces showed the first action potential evoked by rheobase 
current in control artificial cerebrospinal fluid and 30 minutes after LPS was added. 
(E) Summary data showed there were not significant differences in amplitude and half- 
width of the first action potential under the rheobase current injection (both P>0.05; 
n^; paired-sample Student's t-test). Holding potential was —70 mV in these processes. 
Abbreviation: ms, millisecond. 

_P>0.05; n=8; paired-sample Student's /-test) or half-width of 
the first action potential (control, 1.70±0.17 ms, versus LPS, 
1.62+0.28 ms; P>0.05; n=8; paired-sample Student's /-test) 
evoked by rheobase current (Figure 4D and E). 

Discussion 

Our data indicate that acute administration of LPS induces 
increased concentration of TNF-a and IL-ip and facilitates 
the epileptiform discharges in brain slices in vitro. Exposure 
to LPS enhanced eEPSC and neuronal excitability but did 
not modify elPSC. 
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The important role of inflammatory processes in epilepsy 
is increasingly recognized. In the previous studies in vivo, it 
has been found that injection of LPS increases seizure suscep- 
tibility in different epileptic models.'' In addition, cortex 
neuronal excitability increases when LPS is directly applied to 
rat cortex.^" Here, our data suggest that acute administration of 
LPS induced brain slice inflammatory response, demonstrated 
by an elevated level of TNF-a and IL- 1(3 after 30 minutes of 
incubation with LPS. Exposure to LPS exacerbated the epilep- 
tiform discharges of CAl pyramidal neurons in hippocampal 
slices. These results are in accordance with those in vivo. In 
our experiments, the effects of LPS on epileptiform activ- 
ity had remained at least 30 minutes after LPS withdrawal. 
Transient LPS application might alter epileptiform activity for 
a long time. It is in agreement with the results in vivo that a 
single LPS injection causes a long-lasting increase in seizure 
susceptibility.^' The exact mechanism is still unknown and 
should be clarified in the future. 

A balance between excitatory and inhibitory synapse 
plays an important role in the control of neuronal excitabil- 
ity. Increase of excitatory synaptic strength and/or decrease 
of inhibitory synaptic strength may contribute to hyperex- 
citability of neuronal circuits, leading to onset of seizure. 
We observed that LPS enhanced eEPSCs and did not modify 
elPSCs in hippocampal slices. This suggests that increasing 
excitatory synaptic strength, rather than decreasing inhibitory 
synaptic strength, is involved in facilitatory effects of LPS 
on epileptiform activity in this condition. Wang and White 
report that LPS induces glutamate release, and this excitatory 
transmitter can directly increase excitatory synaptic transmis- 
sion." It is possible that an increase of excitatory synaptic 
strength is mediated by other factors associated with immune/ 
inflammatory responses induced by LPS. IL-ip, an impor- 
tant cytokine involved in brain inflammation by stimulus of 
LPS, inhibits glutamate reuptake by astrocytes and enhances 
astrocytic glutamate release.^^ In addition, IL- 1(3 can directly 
activate N-methyl-D-aspartate receptor and strengthen excit- 
atory synaptic transmission.^' TNF-a, another important 
factor released by LPS, is found to enhance the frequency of 
spontaneous EPSCs in hippocampal and spinal neurons.^""^' 
An increased level of IL-1(3 and TNF-a may partly lead to 
hyperexcitability of neuronal circuits after LPS application 
in our experiment. The effects of acute exposure of LPS on 
inhibitory synapse have not been reported previously. Acute 
application of LPS did not alter inhibitory transmission in oiu" 
study, thereby excluding the participation of inhibitory synapse 
in the facilitated effects of LPS on epileptiform discharges. 
However, in organotypic slices, inhibitory synaptic strength 



is potentiated after 7 days of exposure to 100 ng/mL LPS.^** 
In addition to concentration, this different result may stem from 
the duration of time that brain slices are exposed to LPS. 

Alterations of neuronal properties control cellular excit- 
ability and also play important roles in seizure occurrence. 
We found that acute LPS application enhanced neuronal 
excitability but did not alter the amplitude and half-width 
of action potential in hippocampal CAl pyramidal neu- 
rons. Ion fluxes across the cellular membrane control 
neuronal excitability. Inflammatory mediators yielded 
after LPS application are various and have complicated 
effects on ion channels. For example, IL-1[3 can activate 
voltage-gated Ca^+ channels^' and inhibit voltage-gated Na+ 
channels.'" TNF-a can up-regulate voltage-gated sodium 
channel (Nav)1.3 and Navl.8, which increase sodium ion 
influx." Therefore, our observations might reveal the col- 
lective effects of all these factors on neuronal excitability. 
Brain responses to LPS challenge induce the production 
of various inflammatory media such as IL-1(3, NO, and 
prostaglandins. Our present study in vitro did not indi- 
cate which factor was involved in the change of synaptic 
transmission and neuronal excitability, or whether these 
changes were ascribed to LPS itself Further study should 
clarify these problems. 

Our findings demonstrate that acute LPS application 
induces inflammatory responses and facilitates the epilep- 
tiform activity of CAl pyramidal neurons in hippocampal 
slices. Strengthened excitatory synaptic transmission and 
neuronal excitability are most likely attributable to this 
facilitation, whereas inhibitory synaptic transmission does 
not alter in this process. It may provide new clues for treating 
seizures associated with brain inflammatory disease. 
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